AbsTrACT background Central line-associated bloodstream infections (CLABSIs) are associated with increased mortality, prolonged hospitalisation and increased healthcare costs. Care bundles have reduced CLABSIs in adult intensive care units (ICUs) but replication in paediatric ICUs has had inconsistent outcomes. A systematic review was performed to assess the evidence for the efficacy of care bundles in reducing CLABSIs in the neonatal unit (NNU). Methods MEDLINE, CINAHL and EMBASE were searched from January 2010 up to January 2017. The Cochrane Library, Web of Science, Zetoc and Ethos were searched for additional studies. Randomised controlled trials (RCTs), quasi-experimental and observational studies were eligible. The primary outcome measure was CLABSI rates per 1000 central line, or patient, days. A meta-analysis was performed using random effects modelling. results Twenty-four studies were eligible for inclusion: six were performed in Europe, 12 were in North America, two in Australia and four were in low/middleincome countries. Five were observational studies and 19 were before and after quality improvement studies. No RCTs were found. Meta-analysis revealed a statistically significant reduction in CLABSIs following the introduction of care bundles (rate ratio=0.40 (CI 0.31 to 0.51), p<0.00001), which equates to a 60% reduction in CLABSI rate. Conclusion There is a substantial body of quasiexperimental evidence to suggest that care bundles may reduce CLABSI rates in the NNU, though it is not clear which bundle elements are effective in specific settings. Future research should focus on determining what processes promote the effective implementation of infection prevention recommendations, and which elements represent essential components of such care bundles.
InTroduCTIon
Neonatal late-onset sepsis (LOS) is associated with increased mortality and morbidity and prolonged hospitalisation, [1] [2] [3] with substantial additional healthcare costs. 2 Neonates are especially susceptible to episodes of LOS due to an immature immune system, and they frequently require invasive devices, including central lines, to deliver lifesaving medications and parenteral nutrition. The use of such devices significantly increases the risk of infection, and central line-associated bloodstream infections (CLABSIs) are an important cause of LOS. 4 While there is some uncertainty regarding the impact of CLABSIs on neurological outcomes, 1 recent evidence suggests that reductions in coagulase-negative staphylococcal (CoNS) infections may reduce cognitive disability in preterm infants. 5 The reported incidence of CLABSIs in neonates ranges from 3.2 to 21.8 CLABSIs per 1000 central line days. 6 The disparity in incidence possibly reflects the diverse definitions of CLABSIs which is demonstrated in table 1. There are also variations in aspects of care and infection prevention practices and it seems that the variations in rates cannot be wholly explained by case mix between centres, with similar centres having differing CLABSI rates. 7 8 This suggests that studying the practice patterns of different neonatal units (NNUs) may provide insights into possible preventative strategies. 9 Care bundles, structured packages of evidencebased practices aimed at improving the processes of care and patient outcomes, have been shown to be effective in reducing CLABSIs in adult intensive care units (ICUs). The Michigan Keystone project, 10 a US state-wide quality improvement (QI) project in adult ICUs, introduced bundled evidence-based interventions alongside a patient safety programme, and was considered a major success, reporting zero CLABSI rates post-implementation. Matching Michigan, a UK 2-year, four-cluster, stepped non-randomised study 
What this study adds?
► There is a substantial body of quasiexperimental evidence that care bundles may reduce CLABSIs in the NNU, though the magnitude of effect is variable. ► There is widespread variation in the bundled elements used, though having a dedicated skin preparation protocol and education were the two most commonly used bundled elements.
original article conducted in adult and paediatric ICUs, attempted to replicate this success and despite a 48% reduction in paediatric CLABSIs, this did not reach statistical significance. 11 This was attributed to small numbers, large variations in paediatric CLABSI rates and difficulties in outperforming the temporal trend. There was a failure to demonstrate, with confidence, that improvements were directly attributed to the intervention, with notable differences in team engagement. 12 These differences highlight the importance of understanding how various elements work to deliver improvements. 13 This systematic review was performed in order to assess the evidence for the efficacy of care bundles to reduce CLABSIs in infants with indwelling central lines in the NNU, compared with standard care, and to determine which bundled elements were most commonly used.
MeThods
The search protocol was registered in the PROSPERO international prospective register of systematic reviews (42016045321), and the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines have been followed. 14 MEDLINE, CINAHL and EMBASE databases were searched from January 2010 up to January 2017. The Cochrane Library, Web of Science, Zetoc and Ethos were searched for additional studies, and reference lists of relevant articles were searched. Two authors (VP, MJ) performed the search and selection process separately, and disagreements were resolved by discussion.
Studies were eligible for inclusion if they investigated the effect of a care bundle and were performed in an NNU of any care level. A care bundle was defined as any intervention with multiple interacting components, and included both central line insertion and maintenance care bundles. Randomised controlled trials (RCT), non-randomised interventional studies and observational studies were all eligible for inclusion. Studies were excluded if they investigated a single intervention, were performed in adult or paediatric populations or were focused on a specific pathogen outbreak. Studies not published in English, and conference abstracts, were excluded.
ouTCoMes
The primary outcome was the number of CLABSIs per 1000 central line or patient days. This denominator was chosen in order to reflect any potential changes in unit acuity or central line exposure that may result following the introduction of a bundle. The secondary outcome was to identify the frequency with which bundled technical and non-technical elements were used, the latter classified according to the Cochrane Effective Practice and Organisation of Care system.
dATA exTrACTIon And rIsk of bIAs AssessMenT
Data were extracted using a standardised template. Study characteristics were collected including setting, study design, bundled elements, definition of CLABSI, change in CLABSI rate and measures of compliance. CLABSI rates were extracted from the published studies. Studies were categorised as observational or QI based on the classification provided in the original studies. The methodological quality of observational studies was assessed An LCBI where central line or umbilical catheter was in place for >2 calendar days on the date of event, with the day of device placement being day 1, AND the line was also in place on the date of event or the day before LCBI: Patient of any age has a recognised pathogen identified AND organism identified in blood is not related to an infection at another site OR Patient<1 year of age has at least one clinical sign AND organism identified from blood is not related to an infection at another site AND the same common commensal is identified from two or more specimens Fever Hypothermia Apnoea, or bradycardia N/A original article using the Newcastle-Ottawa Scale (NOS). 15 The Standards for Quality Improvement Reporting Excellence (SQUIRE) 18-item checklist was used for QI studies. 16 
sTATIsTICAL AnALysIs
The bundled elements were summarised as frequencies and percentages. The rate ratio (RR) for the number of infections per 1000 central line days or patient days was calculated with 95% CIs, with a correction of 0.5 applied to zero rates as per the methods in the Cochrane Handbook. 17 This results in a more conservative estimate of the effect size. A meta-analysis was performed using random effects modelling. 18 Heterogeneity between studies was assessed using the I 2 test, with values>30% considered to represent moderate heterogeneity, >50% substantial heterogeneity and >75% considerable heterogeneity. 17 There were no a priori subgroup analyses planned, other than according to study design.
resuLTs
The search initially identified 439 articles, and following the removal of duplicates, 259 unique studies remained (figure 1). Titles and abstracts were screened for relevance, and 40 full-text studies were assessed.
study characteristics
Twenty-four studies were eligible for inclusion (table 2) . Twelve studies (50%) were performed in North America, six (25%) in Europe, two in Australia (8%) and four (17%) in low/middle-income countries. Sixteen (67%) were single centre, while 8 (33%) were multicentre. While 5 studies described themselves as observational studies, all 24 studies were non-randomised intervention studies. No RCTs were found.
risk of bias assessment
The mean NOS score across the studies was 7 (range 6-8, see table 3) from a possible maximum of 9. Lower scores tended to be due to a lack of control for NNU centre and central line days, though all the observational studies controlled for birth weight and gestational age. In general, there was limited reporting of data collection and verification processes. Those studies reported as QI studies tended to have longer intervals between the before and after groups, and only two studies used interrupted time series analysis to account for temporal trends, 19 20 with a further five studies using statistical process control. [21] [22] [23] [24] [25] Using the SQUIRE reporting framework to assess the QI studies revealed that while the majority of studies provided detailed descriptions of the setting, the implementation process was not well documented (see online supplementary material). Few studies reported if the care bundle was implemented as intended (for instance, by measuring compliance with bundle elements), and no studies reported any unintended consequences.
reduction in CLAbsI rates
Meta-analysis of all 24 studies revealed a statistically significant reduction in CLABSI rates following the introduction of a care bundle in the NNU (RR=0.40 (CI 0.31 to 0.51) p<0.00001, figure 2) . This equates to a 60% reduction in CLABSI rates. This effect remained for the separate analysis of the QI studies (RR=0.40, CI 0.30 to 0.52) and for the observational studies alone (RR=0.39 CI 0.20 to 0.79). There was no statistical heterogeneity among the studies, with I 2 =0%. Baseline CLABSI rates ranged from 1.33 to 31.6per 1000 catheter days. Following the introduction of a care bundle, CLABSI rates decreased to between zero and 14.9 per 1000 original article catheter days, with seven studies reporting rates<1/1000 catheter days. All studies reported a reduction in CLABSI rates, though some did not find a reduction in rates in specific subgroups, including neonates with birth weights<751 g, 1000-1500g and >1500 g. [26] [27] [28] Several centres had starting rates that were already lower than the average National Health Surveillance Network rate. 21 In one multicentre study, one NNU reported 96% reduction in CLABSI rates, while another reported a 187% increase in rates. 27 Similarly, in a multicentre study across four low/middle-income 
bundled elements
The technical and professional elements forming the care bundle in the included studies are shown in table 4. The most common technical elements included the use of a specific skin preparation protocol (79%), maximal standard barrier precautions (71%) and a daily assessment of the need for the central line (67%). The choice of skin disinfectant varied, with chlorhexidine gluconate and 70% isopropyl alcohol most commonly used (63%), though the strengths varied. Other preparations included povidone iodine (38%), or were unspecified (25%). Percentages do not total 100% due to some studies specifying multiple agents, determined according to gestational age. Despite hand hygiene resulting in significant reductions in hospital acquired infections, 30 practices were poorly described, with only four studies specifying a product for hand cleansing, 19 25 27 31 and the remainder making reference only to ensuring appropriate hand hygiene. Hand hygiene audits were reported in only five (20%) of studies.
The most common professional elements were education and training (100%), the use of checklists (67%), and audit and feedback (63%). Two studies attempted to associate specific elements with reductions in CLABSI rates, but were unable to isolate one single element. 19 21 Bundle compliance was reported in seven (29%) studies, and ranged from 10% to 100%. Studies that reported initial lower compliance rates of 10%-30% generally reported improvement in rates over time. One study achieved a compliance rate of 55%, speculating this was lower than previously published rates due to anonymous bedside reporting. 24 One study concluded that CLABSI rate reductions were not associated with reductions in compliance rates, 21 while another study concluded that postintervention CLABSI rates were better in those units that reported checklist compliance >15%. 27 However, in this multicentre study 5 out of 18 units did not submit compliance data.
dIsCussIon
This systematic review suggests that care bundles are associated with a statistically significant reduction in CLABSI rates in NNUs. This appears to be supported by a recent meta-analysis by Ista et al 32 which was the first systematic review to investigate CLABSI rates across all ages, performing separate subgroup analyses of adult ICU, Paediatric Intensive Care Units and Neonatal Intensive Care Unitss. It found that care bundles statistically reduced CLABSI rates across all age ranges, including 14 neonatal studies (Incidence Risk Ratio 0.47, 95% CI 0.38 to 0.59). This is similar to the reduction found in this study.
The lack of statistical heterogeneity is surprising, given that there is substantial heterogeneity among the included studies in terms of CLABSI definitions, setting and intervention. Moderate heterogeneity was found in the neonatal subgroup analysis performed by Ista et al 32 with an I 2 of 74%, though there were fewer studies included in their meta-analysis. Despite several studies being reported as cohort or case-control, the studies were all non-randomised interventional studies, which not only means there are multiple risks of bias, but may also partially explain the lack of statistical heterogeneity. While the lack of statistical heterogeneity found in this study may suggest that the process of introducing a care bundle, regardless of its components, is effective, the absence of any negative studies strongly suggests a risk of publication bias within the literature. To date, no studies published in peer-reviewed journals have reported a negative effect of care bundles on CLABSI rates, and no studies reported unexpected or unintended consequences. Future QI should consider reporting relevant balance measures, such as any potential impact on skin integrity, nursing time or infant growth.
There was no consensus definition for the primary outcome measure of CLABSI in the studies, although the majority of studies used the Centre for Disease Control (CDC) definition (see table 1 occasions, 27 was associated with a 40% reduction in adjusted CLABSI rates. 27 The practice of obtaining two cultures following the growth of a skin commensal is likely to vary among NNUs, due to both local practices and challenges associated with blood sampling, particularly in the extremely low birth weight population. In the case of a single culture of a skin commensal subjective judgement may be required in determining if it is a contaminant or a genuine infection, though arguably the aim should be to reduce the incidence of both genuine CLABSIs and contaminant cultures. Only one definition in table 1 uses laboratory markers, though in practice the use of markers such as white cells and C reactive protein are likely to be used to distinguish genuine infection from contaminants.
Despite the use of an objective definition, interobserver variability in the application of standardised definitions has been reported in the adult literature. 12 33 Uncertainty attributing central lines as the cause of infection, variations in counting line days and logistical challenges in data collection means that this measure of reporting may be subject to measurement bias and local interpretation. 12 While this study attempted to use a standardised primary outcome measure of bloodstream infections per 1000 line or patient days, selected in order to reflect changes in central line exposure and unit activity, this is not without limitations. However, this is the most frequently reported outcome measure and only two studies were excluded for reporting percentages. 5 34 There was variability within the bundled elements, though the the most common elements included education and training, using checklists, having a specific skin preparation protocol and using maximal standard barrier precautions (table 4) . Other practices potentially affecting the reduction of CLABSIs were not frequently reported, and it should be noted that five studies specified removing central lines at 120 mL/kg/day enteral feed volumes. The study by Ista et al found minimising central line access significantly contributed to reducing CLABSIs in the NICU. 32 The authors did not contact the researchers for clarification on bundled elements, and are unable to ascertain if any bundled elements were used but not reported. It is often unclear why specific elements were chosen, and absence of reported elements does not necessarily equate to absence in the NNU. Unlike the study by Ista et al, 32 this study has not attempted to associate specific bundled elements with reductions in CLABSIs, but instead identified the most frequently reported elements.
It is unclear how consistently the bundled elements were implemented. None of these studies formally evaluated the implementation process to identify the most effective implementation strategy, though some did consider compliance with particular practices. The implementation of care bundles is often not successful or consistent. 13 35 One of the challenges is that it is often uncertain whether the intervention, or the implementation, or both, has contributed to the success or failure of an intervention. It is unlikely that the success of a care bundle in one setting can be simply extrapolated to another. 12 36 Several studies retrospectively theorised the possible mechanisms through which care bundles may contribute to healthcare professional behaviour change, including repetitive social interaction, establishing communities of practice and the use of cognitive tools such as checklists and audit. 27 28 31 One study recognised that the implementation of measures not yet introduced, such as checklists, audit and feedback, commonly used in other care bundle studies, may help reduce CLABSI rates further in their unit. 37 There are several additional limitations to this study. There were no RCTs, and only two studies used interrupted time series analysis to account for temporal trends though a further five studies used statistical process control methods. There has been a trend towards reducing CLABSI rates, with a 50% decrease in CLABSI between 2008 and 2014, 38 and one of the challenges of QI studies is outperforming temporal trends. While this trend may be as a result of the plethora of QI projects that have been performed during this time, local practice variations and the change in CDC definition may have affected the results. While non-randomised studies are traditionally not meta-analysed, they can provide pragmatic 'realworld' solutions and can generate important knowledge regarding systems of care, how best to change them, and identify potentially better practices. As future RCTs investigating the impact of a care bundle are unlikely, this study therefore provides a useful insight into current practices in NNUs though further work should investigate how these bundles are implemented.
ConCLusIon
There is now a substantial body of evidence to suggest that care bundles reduce CLABSI rates in the NNU. However, it is not clear what bundle elements are most effective in specific settings, and individual centres should undertake local work to identify areas for improvement. This study highlights the potential effectiveness of a care bundle approach and common bundle elements that NNUs might use to develop bundles specific to their local settings. Future research should focus on determining what processes promote the effective implementation of infection prevention recommendations, and which bundle elements represent essential components.
